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Abstract: In the increasingly complex electromagnetic environment, a variety of new signal types
are appearing; however, existing electromagnetic signal classification (ESC) models cannot handle
new signal types. In this context, the emergence of class-incremental learning aims to incrementally
update the classification model as new categories emerge. In this paper, an electromagnetic signal
classification framework based on class exemplar selection and a multi-objective linear programming
classifier (CES-MOLPC) is proposed in order to continuously learn new classes in an incremental
manner. Specifically, our approach involves the adaptive selection of class exemplars considering
normalized mutual information and a multi-objective linear programming classifier. The former is
used to maintain the classification capability of the model for previous categories by selecting key
samples, while the latter is used to allow the model to adapt quickly to new categories. Meanwhile, a
weighted loss function based on cross-entropy and distillation loss is presented in order to fine-tune
the model. We demonstrate the effectiveness of the proposed CES-MOLPC method through extensive
experiments on the public RML2016.04c data set and the large-scale real-world ACARS signal data
set. The results of the comparative experiments demonstrate that our method can achieve significant
improvements over state-of-the-art methods.

Keywords: class incremental learning; electromagnetic signal classification; deep learning; multi-

objective linear programming; class exemplar selection; normalized mutual information

1. Introduction

Electromagnetic signal classification (ESC) is a key technology in the field of informa-
tion processing, which forms the basis for non-cooperative communications [1], electronic
counter-measures [2], smart antennas [3], software radio [4], and wireless spectrum man-
agement [5]. With the widespread use of various types of radio equipment, the types
and numbers of radiation sources in the electromagnetic environment are increasing, and
the electromagnetic spectrum is becoming more and more congested. More importantly,
electromagnetic signal data are acquired faster than before. Under these circumstances,
electromagnetic signal data have applications in many fields, such as electromagnetic spec-
trum monitoring [6], cognitive radio [7], and cyberspace security [8]. ESC is an important
requirement for these applications. ESC includes electromagnetic signal type classifica-
tion and specific emitter identification (SEI). The main task of the former is to exploit the
characteristics of electromagnetic signals to distinguish different signal types [8], while the
latter involves measuring the characteristics of the received electromagnetic signals and
determining the individual radiation sources that generate the signals, based on available
prior information [9].
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Existing methods based on deep learning have recently achieved remarkable success
in the field of signal classification. Many correlative algorithms [10,11] have been proposed
and have achieved excellent classification results. For instance, in [12], a graph convolu-
tional modulation recognition framework has been proposed to identify the modulation
type of the signal. In [13], a framework based on the capsule network has been proposed
to solve the small sample modulation-type detection problem. In [14], a sequence-based
network has been proposed. In [15], a convolutional neural network for radio modulation
classification has been presented, which is not only suitable for the complex time domain
of radio signals but also can achieve excellent results under low signal-to-noise ratio (SNR)
conditions. A residual neural network [16] has been used in [17] to perform signal classifi-
cation over a range of configurations and channel impairments, providing reliable statistics.
To solve the task of modulation signal classification, AlexNet and GoogleNet have been
used in [18] and achieved great results, proving the effectiveness of deep learning methods
in this area. In [10], the authors proposed a complex-valued convolutional neural network,
which was used to study the intrinsic properties of the radar interference signal. The
authors in [19] have developed a small sample signal modulation recognition framework
using an attention relation network. In [20], a convolutional long short-term deep neural
network has been used to fully exploit the temporal properties of electromagnetic signals
and achieve excellent performance. In [21], a multitasking-based generalized automatic
modulation classification framework has been proposed, which was more robust than
conventional methods. Moreover, in [22], the authors proved the effectiveness of a deep
model in identifying interference sources using frequency band, SNR, and sample selection
to optimize the training time. A generative adversarial network has been proposed, in [8],
to address the problem of insufficiently labeled electromagnetic signal samples.

Although researchers have conducted many explorations on deep learning-based
ESC methods and achieved good results, there is a pre-condition for such deep learning
algorithms, which is that the number of signal categories that these algorithms can recognize
is fixed. When multiple new categories appear, a natural approach to incremental learning is
to simply fine-tune a pre-trained model with the training data of new categories. However,
a serious challenge to this approach is catastrophic forgetting [23]; specifically, fine-tuning
a model on new data usually results in a significant drop in performance on previous
categories. The model has to be trained with the training data of all the previously observed
categories in order to recognize the new and the old classes simultaneously. This leads to
high computational effort and memory requirements.

With the increasing number of signal processing tasks, electromagnetic signal data
have shown an explosive growth trend. In particular, we are faced with the constant
emergence of new categories of electromagnetic signal data. For example, in the field of
coded communication and adaptive modulation, the receiver recognizes the coding and
the modulation method used by the transmitter, and then uses the corresponding decoding
and demodulation algorithm to decode and demodulate the acquired signal. When the
transmitter changes the modulation mode, the signal received by the receiver will be a
new class. When managing the spectrum, cognitive radio can monitor whether illegal
signals are interfering with the user’s communications by detecting radio signals in the
perceived frequency band. If there are multiple categories of illegal signals, they should be
identified immediately. Moreover, in realistic applications, new categories are expected to
keep appearing over time. If the classification accuracy on the previous categories of the
classification model decreases after the learning task of the new class is completed at each
stage, there will theoretically be an infinite number of new classes to learn, thus creating an
infinite loop.

Class incremental learning is a suitable learning mode for this scenario, where the
data increase gradually. Class-incremental learning algorithms can learn a set of gradually
evolving classification tasks, and the categories in each task have no overlap with the
categories in other tasks. In recent years, driven by practical applications, class incremental
learning has gradually become an important research topic. Existing deep learning-based
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algorithms can be mainly divided into the following three categories: regularization-
based, rehearsal-based, and bias-correction-based. The core idea of regularization-based
approaches is to estimate the importance of each parameter in the network [23]. The
regularization element was added, in [24,25], in order to penalize parameters that vary
widely. To constrain important parameters, ref. [26] have introduced regularization terms
in the loss function. Furthermore, the authors of [27] have attempted to use the idea of data
regularization to prevent activation drift. MAS [28] uses the gradient of the loss function
to measure the importance of neurons. The work in [29] preserved old knowledge by
freezing the weights of the last layer and penalizing differences between activations before
the classification layer. Rehearsal-based methods can mitigate the catastrophic forgetting
phenomenon by storing a small number of old samples [30,31], or using a generation
network to generate fake samples [32,33]. In [30], the distillation loss and an exemplar set
of old categories were used to train the model for the first time. In [34], a semantic drift
compensation algorithm was used to estimate the center of each category and perform
the prediction by the NCM classifier [30]. In [35], a supervised contrast loss was used
to bring samples from the same category closer together in the embedding space, while
samples of different classes were further apart in the embedding space. Bias-correction-
based methods are dedicated to addressing the problem of imbalance between new and old
tasks [31,36,37]. To alleviate such an imbalance, cosine normalization, less-forget constraint,
and inter-class separation have been proposed in [36]. To address the problem that the
norm of the classifier weight vector of new categories is larger than that of old categories,
the weight aligning [37] method has been proposed, which cooperates better with the
distillation loss. Another effective algorithm has been proposed in [31], which corrects the
biases of different tasks by adding an additional linear layer.

In real ESC applications, an incremental learning algorithm may be able to use part of
the previous samples. What an incremental learning method based on the class exemplar
selection should do is retain the previous classification capabilities in the form of exemplars
of the old categories. The samples selected by the rehearsal-based methods described above
can only maintain the classification performance of the model for samples in the center
of the class. In order to maintain the classification ability of the model for samples far
from the class center at the same time, more efficient samples should be selected. Many
exemplar selection-based strategies have recently been proposed [38]. They can be broadly
divided into two categories: model output-based and training data distribution-based.
Model output-based methods use some output indicators of the classification model as the
exemplar selection criteria. In [39], samples were selected based on the lowest confidence
level, but the sample set selected in this way was redundant. In [40], the output probability
of the model was used as the selection criterion. The entropy-based method was proposed
in [41]. Studies have also considered the prediction of errors [42] and interface-distance-
based sampling [23]. Training data distribution-based methods use the characteristics of
the data itself as the selection criterion. In [30], the average feature vector was extracted.
Then, selection was performed according to the distance between the feature vector of each
sample and the center of the class feature. In [43], clustering information was used to select
the effective samples. Some samples were randomly selected from the whole data set as
exemplars. In general, methods based on random sampling are used for comparison with
other methods [23,44]. However, the samples selected by the abovementioned methods can
only represent the class very well, while discrimination between classes is not sufficient for
the models to achieve good classification results for old classes.

It is not an easy task to develop a good classification model which is suitable for new
classes. The model must be able to classify new classes while maintaining its ability to
recognize old categories. Nevertheless, existing deep learning approaches are not suitable
for the above situations. In summary, the challenges facing ESC can be expressed as follows:

1. How to maintain the classification performance of the model when new categories
of electromagnetic signal data emerge. As the number of different electromagnetic
devices increases and the amount of collected signal data continues to grow, various
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new types of signals may be mixed with the existing data. Furthermore, data are
updated rapidly, making it an unrealistic task to save all signal data for further training
when memory is limited. The emergence of multiple categories and the updating
of large data require the deep model to rapidly update its classification capabilities;
however, existing state-of-the-art deep learning approaches are not able to learn new
categories efficiently; and

2. How to maintain the model’s ability to classify old classes after learning the new class.
A model trained on old categories may suffer from catastrophic forgetting [23] after
learning new categories. If all of the data from the previously observed classes are
used to train the new model, significant computational overhead and time costs will
be incurred. Mainstream methods based on exemplar selection are usually based
on prototypes [30]. These methods use the mean value of the extracted features as
the selection criterion. However, samples selected in this way can only represent the
class very well, while discrimination between classes is not sufficient for the model to
achieve good classification results on the old classes.

To overcome the aforementioned problems, we present a multi-class incremental
learning framework, CES-MOLPC, for ESC, which not only can learn new classes rapidly
but also ensures that its classification accuracy on old classes is maintained at a high
value. Specifically, we develop a multi-objective linear programming (MOLP) incremental
classifier based on the average feature vectors extracted by the deep extractor. Inspired
by [45], the proposed MOLP classifier is obtained by solving the MOLP problem, where
the whole process only requires forward propagation of the old model without using
a back-propagation algorithm to train the model. In addition, inspired by [46-48], we
develop an adaptive class exemplar selection approach, in view of the normalized mutual
information, in order to maintain the accuracy of new model on previous categories. We
also design a weighted loss function based on cross-entropy and distillation loss, which
is used to fine-tune the incremental model, thus making the model more robust. The
presented method requires only a small amount of computational and storage resources. In
summary, the main innovative contributions of this article are as follows:

1.  The presented MOLP classifier learns multiple new categories simultaneously by
increasing multiple weight vectors, which can be obtained by solving the MOLP
problem based on the average feature vector of each class;

2. The presented adaptive class exemplar selection approach, in view of normalized
mutual information, preserves the classification ability of the model for previous
categories by selecting key samples; and

3. A weighted loss function based on cross-entropy and distillation loss is presented to
fine-tune the new model using both the new category data and the old exemplar set.

The remainder of this article is organized as follows: in Section 2, the proposed
ESIC framework is presented. Section 3 shows the numerical examples to verify the
classification performance of our method. In Section 4, we discuss the proposed method
and experimental results. Finally, in Section 5, we summarize the main results of this paper.

2. Methodology

According to the electromagnetic signal increment classification (ESIC) framework, shown
in Figure 1, the proposed framework is mainly composed of the following three modules:

(1) Adaptive class exemplar selection;
(2) MOLP incremental classifier; and
(3) Incremental learning.

The specific description, with respect to the proposed algorithm, is given in the follow-
ing. Assuming that there are N categories of signal data, a model M (F,4, Yo14(N; Wo14))
trained using these data has the ability to accurately classify N old categories, where F;;
is a feature extractor, ,;;(N; Wy;;) is an N-class classifier, and W, is the weight matrix of
the classifier. In our model, the bias of the classifier is set to 0. In the ESIC task, the signal



Remote Sens. 2022, 14, 1177

50f19

data constantly appear in a stream. In the case of limited memory size, only a small part
of the training data can be saved. Therefore, the exemplar selection approach, in view of
normalized mutual information, is presented for the selection of key samples. When T
unknown categories are used as input to the model, the model must correctly identify the
N old categories while also being able to identify the T new categories well. At this time,
the output layer of the model must add T output nodes; that is, the weight matrix of the
classifier needs to add T weight columns. Thus, the MOLP classifier (e (N + T; Wiy ) is
proposed to learn new classes by adding T weight columns. W;,¢,, is obtained by solving the
MOLP problem. Finally, in the incremental learning stage, the exemplars of the old classes
and the data of the new class are fused to fine-tune the model M (Fy14, Ynew (N + T; Whew))-
At the same time, cross-entropy loss and distillation loss are adopted for fine-tuning. Our
goal is to obtain the incremental model M (Frew, Pnew (N + T; Whew))-

ClassO0  --- ClassN ClassN+1 === Class N+T Class N+T+1 --- Class N+2T

Exemplar Exemplar
Selection Selection

Exemplar
Storage

Incremental
Learning

Incremental

Pretrain 2
Learning

Multi-object Linear Multi-object Linear
Program Program

Model MO Q Model Mlg Model M2 -

Figure 1. Overview of the proposed framework, CES-MOLPC.

old data
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2.1. Adaptive Exemplar Selection

The idea behind the proposed exemplar selection approach is to calculate the nor-
malized mutual information between the one-hot vector corresponding to the true label
of the sample and the probability vector predicted by model for the sample. The one-hot
vector and the class vector predicted by the model for the sample can be regarded as two
clusters, where the resemblance between the two clusters is measured by the normalized
mutual information. We assume that the harder a sample is to identify as belonging to
the correct category, the closer it is to the decision boundary. Specifically, on the premise
that a sample is correctly classified, if there is less normalized mutual information between
the ground-truth label and the probability of the sample predicted by model, the more
difficult it is for the sample to be recognized as the correct category, which means that we
can select a small number of boundary samples to describe the sample distribution of the
entire category.

As shown in Algorithm 1, given the data of N old categories X’ N — {Xl, X2,..., XN 1,
the exemplar is selected from X N An initial model, M, is trained to recognize N classes
using all data from X'N. When T new classes appear, they are integrated with the exemplars
of old categories to train a new model. The normalized mutual information between the
one-hot ground-truth label ) and predicted label Y is shown in (D).

21(),9)
H(Y) +H(D)’
where I(), y ) refers to the mutual information between ) and Y, as shown in (2); H )

refers to the entropy of ), as shown in (3); and H ()7 ) refers to the entropy of Y, as shown
in (4).

NMI(Y, D) = 1)
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_ p(v, 9
H(Y) = =) p(y)logp(y). )
Yy
H() = =} _p(@)logp(9)- 4
Yy

Algorithm 1 Adaptive class exemplar selection

Input:
AN = {Xx1,x2,...,XN}: all training data, X' = {(x3, 1), (x5, 45),..., (xh., yh )} are
the training data of the ith category;
K: size of memory;
M (Fo1d, Yora(N; Wy14)): pre-trained model;
{ny,ny,...,ny}: the number of training samples for each old class;
Output:
Class exemplar set.
1. For each training sample x} in class i:

i. The sample is input into the model M to obtain its predicted probability y; ;
ii. Calculate the normalized mutual information between ]); and y}, according to
Equation (1);
2. For each class i:
i. Obtain the classification accuracy OA; of ith category through forward propagation;
ii. Obtain the average feature vector f of all samples through forward propagation

and the average feature vector fi,,.;
iii.Calculate the weight factor 7; of the ith category according to Equation (5);
iv. Calculate the number of samples m; that need to be saved for the ith category;
v. Find m; samples P; with the smallest mutual information;

3. Obtain the exemplar set {Py, P2, ..., Pn}.

Previous algorithms based on sample playback select the same number of samples in
each category. In this work, an adaptive exemplar selection method, which is weighted
based on the number of samples, is proposed to maintain the classification ability on old
categories. As the classification difficulty for each category is different, it is not necessary
for each category to preserve the same number of samples. For the categories that are
difficult to distinguish, more samples should be retained, while samples that are easy to
distinguish need only retain a small number of samples. When selecting the exemplar
set, the recognition accuracy of the old model on the old training data is used as feedback.
If the recognition rate for a certain old category is higher, then fewer samples should be
saved, accordingly. In addition, the degree of dispersion of the category distribution is
also used as a measure. We use the mean value of the distance between the feature vector
of all samples in a category and the average feature vector to measure the distribution of
samples in the category. The more concentrated the sample distribution of the category, the
higher the similarity within the category, such that fewer samples are required to describe
the category. The weight factor is shown in (5):

1 i ,
N = —logOAi + Py Z ka _frlneanHZ' ®)
k=1

where OA,; is the classification accuracy on the ith class, n; refers to the number of training
samples in the ith class, fi refers to the feature vector of the kth sample, and f;,,,, refers to
the average feature vector of the ith class.
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As the memory size is fixed, considering the number of samples in each category
and then normalizing the weights of all old categories to between 0 and 1, the number of
samples that need to be saved for each category can be obtained, as shown in (6):

exp(n;
. N p(Tll) , (6)
Y= exp(1k)
where m; represents the number of samples that need to be saved in the signal data of the
first type in the old data.

i =

2.2. MOLP Incremental Classifier

As shown in Figure 2, when the model needs to learn T new categories, the classifier
must add T output nodes; that is, the weight matrix needs to add T columns. According to
the classification principle of the linear classifier, when the new category data are input to
the CNN model, the feature vector is first extracted through the feature extractor, following
which the feature is used as input to the linear classification layer to obtain a vector. Each
component in the vector denotes the possibility that the sample belongs to certain category.
Thus, the component value corresponding to the new class should be maximized.

,~ - Feature extractor -~ +~ I CEECIE, iy

\
|
|
|
|

Distillation loss

Xeuwjos

\

|
|
|
|
|
|
I
|
|
|
|
I}

Multi-object linear program

————— Incremental Classifier - ———

| |
| 2 i Cross entropy
! " g loss | train
| |
| |
| |
]

N+T column of classifier weight

~—_— e e~

\

Figure 2. MOLP incremental classifier and training of the model.

Given the model M (F,4, Po14(N; Wy4)) trained on old categories and a sample x of
the ith category, as well as the eigenvector f of x extracted by the feature extractor F,;;, the
existing classifier ,;;(N; W,;4) gives the score by classifier dot multiplying f with Wé 14
Then, the softmax activation function is used to obtain the probability of x belonging to the
ith category, as shown in (7):

i) = U Vo)

= —, (7)
Yexp(f- W(])Zd)
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where F,;15, W,y is L X N dimensional, as shown in (8); ng 4 refers to the ith column of the
weight matrix; and L refers to the dimension of the eigenvector. When T new categories
arrive, the new classifier corresponds to the weight matrix Wi, as shown in (9):

Wi W Wy
Woia = I/\:/{ I/\:Zé I/\:/Il\, ) (8)
WhowE W
Wi WY Wh o Wigg
Wiew = W{ Wzl\l WII\:I+1 WII\:H—T : )
Wk V\;{v Whey - Wher

The exemplar set of old categories and new categories of data are used as input to the
model. The class mean eigenvector of each class is obtained by averaging each eigenvector
extracted by the sophisticated extractor F,;:

f={ffo - N N1 INeT) (10)

where f1, f2, ..., f refers to the mean feature vector of old categories, and fyi1,..., fN+T
refers to the mean feature vector of new categories at a time. When the mean feature vector
of the ith old category is input to the classification layer, it will predict a score Score; by
multiplying the ith class feature vector by the new weight matrix, as shown in (11). Score;|i]
should be maximized in Score;; thus, we can formulate it as f; - W; > f; - Wj, i €1,N],
j € [N+1,N + T], which leads to the constraint of the MOLP problem.

fi-W
fi-Wa

Score; = | fi-Wn |. (11)
fi- Wnt1

fi - Wn+r

If the feature vector of the jth new category is input into the classifier, it will predict
a score Score; by multiplying the jth class feature vector with the new weight matrix,
as shown in (12). Score;[j] should be maximized in Score;; thus, we can formulate it as
fi- Wi > fi- Wi, fi- W > fi - Wi, k € [N +1,N +TJ], k # j, which leads to the constraint of
the MOLP problem. We take Score;[j] as the maximization goal of the MOLP.

fi- M
fi-We

Score; = | fi-Wn |. (12)
fi-WN+1

fi W+t
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In summary, we can express the MOLP problem as follows:

max  fn+1 Wit - fNeT WNaT
s.t. fi'Wi>fi'W]'

fi- Wi > fi- Wi

fi Wi > fi - Wi
— max{|[Woia|} < Wi < max{|Woi|}

, (13)

where f; is the mean feature vector of the jth new category, f; is the mean feature vector
of the ith old category, W; denotes the jth column of the new weight matrix, Wy denotes
the kth column of the new weight matrix, and max{|W,;4|} denotes the largest value of the
old weight matrix. By solving the above MOLP problem, we can obtain the new classifier
Ynew (N +T; Wnew)‘

2.3. Incremental Learning

After completing the exemplar {P;, P, ..., Py} selection of old classes and obtaining
the incremental classifier P¥yew (N + T; Wyew ), the last step is incremental learning. The
specific algorithm flow is detailed in Algorithm 2. The old exemplar set and data of
new categories are integrated to fine-tune the model M (F,4, Ynew (N + T; Wyew ) ). In the
incremental learning phase, both the cross-entropy loss and distillation loss are used when
fine-tuning the new incremental model. The cross-entropy loss is designed to guide the
model to better distinguish signal categories, while distillation loss is used to help the new
model not forget the knowledge of the old model as much as possible. Our loss function
can be expressed as follows:

L=ALS+(1—A)LY, (14)

where A is equal to NLJFT, N is the number of old classes, and T is the number of new classes.
The standard cross-entropy loss L¢ and the distillation loss L are as follows:

IC|
L= =) 6i—ylog(pi), (15)
3
p IC|
L* = =Y ¢i(pi)log(ei(pi)), (16)

i=1

where C collects the old exemplar set and all the data of the new classes, ¢ is the in-
dicator function, p; is the probability that the input signal belongs to the ith category
obtained by the new model, p is the soft label of the input signal generated by old model
M(Fo1d, Yo1a(N + T; Wyy4)) on all observed categories and y is the ground-truth label,
and ¢;(q) = q}/ ey qi/ " is a rescaling function, where 7 is scaling factor (7 = 2 in our
experiments) which increases the weights of small values.
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Algorithm 2 Incremental learning

Input:
{P1,Pa, ..., Pn}: the exemplar set of old categories;
xmew = (XN+1 - XNFT1: new training data, X/ = {(le,yjl), (), ¥h),. .., (xﬁj,y{”)}
is the training data of jth category;
M(Ford, $o1a(N; Wora)): old model;
M(Fo1d, Yuew (N + T; Wyew) ): incremental model;
Output:
M(Fuew, Prew(N + T; Wyew) ): new model.
// form combined training set:
LD« {Py,Py,..., PNy U{XNT, ... XN+T}
2. For each true label y € [1, N + T7:
i. Obtain the according probability zﬁ through forward propagation of model
M(Foia, Yo1a(N; Woia)), for all (x{,-) € D;
ii. Obtain the according probability qiy through forward propagation of model
M(Foids Ynew(N + T; Whew)), for all (x/, ) € D;
3. Calculate the total loss according to Equations (14)—(16), as follows:

=N+T A
loss = — 5:1 " Z(xl_y,yl_y)ep[/wy:yi + (1= )4 log(q7)]

4. Run the fine-tuning and update the parameters of model M (Fy14, Pnew (N + T; Whew))

3. Results
3.1. Data Set

To test the effectiveness of the presented framework for signal classification (CES-
MOLPC), we performed comparative experiments on both the public RML2016.04c data
set and the large-scale real-world ACARS signal data set.

The signal-to-noise ratio of the RML2016.04c dataset ranges from —20 to 18 dB, with
an interval of 2 dB. The corresponding in-phase and quadrature signal (IQ) for each signal-
to-noise ratio includes 11 modulation types, of which 8 are digital modulations and the
remaining 3 are analog modulations. We used the 12 dB data as the experimental data
set. The total number of training samples was 8103, but the numbers of samples for each
category differed. The dimensions of each signal sample were 2 x 128.

As a digital data transmission system, ACARS is generally used to transmit messages
between aircraft and ground stations by radio or satellite. At present, ACARS is used
in many civil aviation systems. The data set in this article was collected using our own
experimental system, whose antenna was placed at a specific place in Jiaxing, Zhejiang
Province, China. There were 10,000 ACARS signals from 20 aircraft overall, such that the
data set had a total of 20 categories, with each category containing 500 samples. In our
experiment, the training samples and test samples each accounted for half of the samples.
The dimensions of each IQ signal sample were 2 x 4096.

3.2. Experimental Setup
3.2.1. Parameters

In the following experiment, the memory size K was limited to 200, the Adam opti-
mizer was used when fine-tuning the model, the learning rate was set to 0.001 throughout
the training of the old classes and the fine-tuning phases, the weight decay was 0.00001 in
the whole process, the batch size in the whole process was 32, and the number of iterations
was 500 for the training of the old classes and 80 for the fine-tuning phase.

3.2.2. Network Structure

We created two convolutional neural networks for incremental classification on the
above two data sets. The network structure corresponding to the RML2016.04c data set
is given in Table 1, which mainly consisted of three convolutional layers, three pooling
layers, and three regularization layers. A dropout layer was used to reduce overfitting.
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The network structure corresponding to the ACARS data set is shown in Table 2. This
network mainly consisted of seven convolutional layers, seven pooling layers, and seven
regularization layers.

Table 1. The neural network structure (RML2016.04c).

Layer_Name Output_Shape Kernel_Size Stride
Conv2d-1 (—1,128,126,1) 3,2) 1,1)
BatchNorm2d-2 (—1,128,126,1) N/A N/A
MaxPool2d-3 (—1,128,42,1) 3,1) (3,1)
Conv2d-4 (—1,256,40,1) 3,1) 1,1)
BatchNorm2d-5 (—1,256,40,1) N/A N/A
MaxPool2d-6 (—1,256,13,1) (31) 31)
Conv2d-7 (—1,512,11,1) 3,1) 1,1)
BatchNorm2d-8 (—1,512,11,1) N/A N/A
MaxPool2d-9 (-1,512,3,1) (3,1) (3,1)
Linear-10 (—1512) N/A N/A
Dropout-11 (—1512) N/A N/A
Linear-12 (—1,N) N/A N/A
Table 2. The neural network structure (ACARS).
Layer_Name Output_Shape Kernel_Size Stride
Conv2d-1 (—1,150,4082,1) (15,2) a1
BatchNorm2d-2 (—1,150,4082,1) N/A N/A
MaxPool2d-3 (—1,150,2041,1) 1) 1)
Conv2d-4 (—1,150,2035,1) 7,1) a1
BatchNorm2d-5 (—1,150,2035,1) N/A N/A
MaxPool2d-6 (—1,150,1017,1) 1) )
Conv2d-7 (—1,150,1013,1) (5,1) a1
BatchNorm2d-8 (—1,150,1013,1) N/A N/A
MaxPool2d-9 (—1,150,506,1) 1) )
Conv2d-10 (—1,150,502,1) (5,1) a1
BatchNorm2d-11 (—1,150,502,1) N/A N/A
MaxPool2d-12 (—1,150,251,1) 1) 1)
Conv2d-13 (—1,150,249,1) G3,1) a1
BatchNorm2d-14 (—1,150,249,1) N/A N/A
MaxPool2d-15 (—1,150,124,1) @,1) ,1)
Conv2d-16 (—1,150,120,1) (5,1) a1
BatchNorm2d-17 (—1,150,120,1) N/A N/A
MaxPool2d-18 (—1,150,60,1) @,1) ,1)
Conv2d-19 (—1,150,56,1) (5,1) 1)
BatchNorm2d-20 (—1,150,56,1) N/A N/A
MaxPool2d-21 (—1,150,28,1) ,1) ,1)
Linear-22 (—1512) N/A N/A
Dropout-23 (—1512) N/A N/A
Linear-24 (—1,N) N/A N/A

3.2.3. Evaluation Metrics

We defined the evaluation metrics Old OA, New OA, and Total OA, where New OA
refers to the ratio of the number of correctly classified samples in the test samples of all the
new classes to the total number of test samples in the new class; Old OA refers to the ratio
of the number of correctly classified samples in all the test samples of the old class to the
total number of test samples in the old class; and Total OA refers to the ratio of the number
of correctly classified samples in the test samples of all the categories to the total number of
test samples in all the categories.
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3.2.4. Environment

Our experiment was conducted on a computer with an Inter(R) Xeon(R) Gold 6240 CPU
with 128 GB RAM at 2.60 GHz and an NVIDIA GeForce RTX 3090 GPU with 24 GB RAM.
The software environment was the Ubuntu 16.04 64 bit system, and the deep learning
frameworks of PyTorch were used.

3.3. Result and Analysis of Experiments
3.3.1. Multi-Class Recognition Performance

To validate the advantages of our presented overall framework, CES-MOLPC, we
performed multi-class recognition experiments and compared the results with those of
several competing or representative methods, including Incremental Classifier and Repre-
sentation Learning (ICARL) [30], Bias Correction (BIC) [31], and Weight Aligning (WA) [37].
These methods all use a portion of the old class signal samples to maintain the incremental
model’s ability to classify the old classes after learning a new class. To ensure the fairness
of the experiment, the size of the exemplar set K of our approach matched that used in
the above approaches, and the network structure and hyper-parameters of the comparison
methods were also consistent with those of our method. The experiments considering all of
the abovementioned methods were performed five times, and the average value was taken
as the final result.

For the RML2016.04c data set, we set the number of new categories to 1, 2, or 3
(T =1, 2, 3). Table 3 shows the experimental results on the RML2016.04c data set. When
T =1, the proposed approach (CES-MOLPC) achieved the highest values of Old OA and
Total OA, while the difference in New OA between our method and the best was only 0.26.
The WA method does not learn any new knowledge at all, and its New OA was not as
high as that of our method. In contrast, the BIC method is biased towards new classes.
The possible reason for this is that the weighted loss function is not balanced. The ICARL
method performed worse than the BIC method. When T = 2, the CES-MOLPC method
also achieved the best Old OA and Total OA, but its New OA value was low. Meanwhile,
the BIC method had the best New OA, but it obviously forgot the old knowledge. The
Total OA of our method was 0.3 higher than that of the second-highest method. When
T = 3, CES-MOLPC performed best on old categories. The OA of the second-best method,
WA, was only 0.21 lower than our method, but its New OA was poor. The BIC approach
was still biased towards new classes. In the above three cases, CES-MOLPC achieved the
highest Total OA. Obviously, the proposed method achieved the best classification results,
when compared to the other methods.

For the ACARS data set, we set the number of new categories to 2, 4, or 6 (T =2, 4, 6).
Table 4 shows the experimental results on the ACARS data set. When T = 2, the proposed
approach, CES-MOLPC, achieved the best Old OA and New OA, and its Total OA was 2%
higher than that of the runner-up. The Old OA value of the WA method was only 0.04%
lower than that of the proposed method, but its New OA was very poor. When T = 4,
CES-MOLPC had the highest New OA and Total OA, while the Old OA of the proposed
method was lower than that of WA; however, the New OA value of WA is only 0.59%,
which means that the method had basically not learned the knowledge of the new classes at
all. This is probably due to this method scaling the weights of the new classifiers too much,
such that the new classifiers tend too much to the old classes. When T = 6, CES-MOLPC
performed best for the overall category. The ICARL method had the highest New OA,
while the WA method had the highest Old OA. In the above three cases, the proposed
CES-MOLPC outperformed all of the compared methods, in terms of the Total OA. This
means that our approach was more robust.
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Table 3. Results of experiments on the RML2016.04c data set (T = 1,2, 3).

T=1 T=2 T=3
Cl - - -
° ICARL  BIC WA ES . jcARL  BIC  wa  \OES . cARL  BIC WA GRS
1 57.00 80.19 64.25 57.00 28.02 14.01 80.68 45.89 32.85 2.42 93.72 77.78
2 92.63 82.72 100.00 87.25 92.35 86.97 100.0 97.17 94.90 97.73 100.00 97.45
3 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.0
4 91.35 98.24 67.79 98.56 90.22 98.40 99.20 97.44 98.88 97.28 99.52 98.72
5 90.87 100.00 92.15 100.00 96.79 98.88 93.11 100.00 98.72 92.63 100.00 100.00
6 68.75 78.21 93.27 94.87 93.75 80.29 89.10 95.19 86.38 78.04 93.27 97.60
7 99.04 998.71 99.36 98.39 99.36 98.07 99.36 99.04 96.78 97.75 94.86 98.71
8 92.90 88.39 87.10 94.84 96.13 95.48 90.32 97.42 89.68 90.32 78.71 98.71
9 91.26 88.35 98.06 81.55 96.12 61.17 93.20 72.82 97.09 95.15 0.0 86.41
10 61.41 68.81 69.77 89.07 79.42 97.75 0.32 81.99 90.68 98.71 0.0 49.20
11 94.62 99.74 0.00 99.49 88.97 98.97 10.00 95.13 93.59 97.69 0.0 91.79
OldOA! 84.61 89.63 86.79 93.42 90.82 87.21 94.63 94.64 90.82 86.71 96.71 96.92
New OA2 9461  99.74 0.00 99.48 8474  98.72 5.71 8930 8474  97.76 0.0 88.73
Total OA3  85.57 90.60 78.44 94.01 89.77 89.20 79.26 93.46 89.77 88.90 77.53 93.32
1 refers to the ratio of the number of correctly classified samples in all test samples of the old class to the total
number of test samples in the old class. 2 refers to the ratio of the number of correctly classified samples in the
test samples of all new classes to the total number of test samples in the new class. 3 refers to the ratio of the
number of correctly classified samples in the test samples of all categories to the total number of test samples in
all categories.

In order to further observe the effectiveness of our method in alleviating catas-
trophic forgetting problems, we set up several continuous incremental processes. For
the RML2016.04c data set, set the number of old classes to 5 and the number of new classes
to 6, adding one class each time. For the ACARS data set, we set the number of old and new
categories to 10, and added two categories each time. The experimental results are shown
in Figures 3 and 4. The abscissa in the figure represents the number of classes learned by
the model, and the ordinate represents the classification accuracy of the current model on
the test data of all learned classes.

From the figures, we can observe the advantages of our proposed CES-MOLPC: the
accuracy of this method decreased very slowly in all the categories. The BIC method
performed well on the RML2016.04c data set, but it was still not as good as our method.
When the number of categories learned was 9, the decrease was even more significant. The
ICARL method performed well on the ACARS data set, but was second to our method.
The WA method performed poorly on both data sets, with significant variation and low
accuracy. It can be seen that our proposed method was not only effective in learning new
categories, but also retained the classification ability of the model for old categories.

Table 4. Results of experiments on the ACARS data set (T = 2,4, 6).
T=2 T=4 T=6
1 - - -
2 jeare B owa S rcart B owa OB rcar B owa S
1 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
2 81.01 79.35 80.17 80.17 81.01 79.35 80.17 80.17 80.59 79.35 78.90 80.17
3 95.42 79.92 95.83 95.42 95.42 79.92 95.83 95.42 95.00 79.92 94.58 95.42
4 95.98 83.27 93.57 95.18 95.98 83.27 93.57 95.18 93.57 83.27 96.39 95.98
5 96.72 91.98 96.72 95.49 96.72 91.98 96.72 95.49 96.72 91.98 97.95 96.31
6 96.61 75.58 94.12 95.76 96.61 75.58 94.12 95.76 95.34 75.58 97.03 96.61
7 92.65 89.29 93.48 94.49 92.65 89.29 93.48 94.49 94.12 89.29 94.12 94.12
8 93.87 88.66 97.84 95.02 93.87 88.66 97.84 95.02 93.87 88.66 93.87 96.93
9 96.54 87.92 92.06 96.97 96.54 87.92 92.06 96.97 97.40 87.92 98.70 98.27
10 88.49 85.60 97.58 93.65 88.49 85.60 97.58 93.65 87.70 85.60 96.03 96.03
11 97.18 83.40 92.99 96.77 97.18 83.40 92.99 96.77 94.76 83.40 97.98 97.58
12 92.61 83.27 94.94 93.77 92.61 83.27 94.94 93.77 88.33 83.27 92.22 93.39
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Table 4. Cont.

T=2 T =4 T—=6

cl : § §
5 ICARL  BIC WA M%ELSPC ICARL  BIC WA M%ELSPC ICARL  BIC WA M%ELSPC

13 9494 7927 9724 9650 9494 7927 9724 9650 9261 7927 9650 96,50

14 9291 9300 9525 9567 9291 9300 9525 9567 9646 9300  97.64  97.24

15 9486 7951 9588 9605 9486 7951 9588 9605 9684 7951 0.04 8379

16 9513 7402 9843 9663 9513 7402 9843 9663 9513 7402 000 9101

17 9453 854 9633 9844 9453 854 9633 9844 9648 8.54 0.00 78,52

18 8857 2540 9346 9306 8857 2540 9346 9306 9224 2540 0.02 86.94

19 064 9797 0.0 95.74 9265  97.97 0.0 9574 9457 9797  0.00 81.01

20 9755 9317 0.0 973 9698 9317 0.0 973 10000 9317 0.0 87.35

OdOA' 9377 7716 9493 9497 9289 9236  93.93 9387 8059 9216 9513 9434

NewOA2 9503 9556 000 9622 9452 9466 0.0 9512 9500 9323 059  93.88

Total OA® 9390 7898 8538 9510 9322 9278 8468 9420 9357 9256 6632 9413

1 refers to the ratio of the number of correctly classified samples in all test samples of the old class to the total
number of test samples in the old class. ? refers to the ratio of the number of correctly classified samples in the
test samples of all new classes to the total number of test samples in the new class. 3 refers to the ratio of the
number of correctly classified samples in the test samples of all categories to the total number of test samples in
all categories.

3.3.2. Comparison to Other Class Exemplar Selection Methods

To determine the additional benefits of class exemplar selection, we compared the pro-
posed CES-MOLPC with other class exemplar selection approaches. The other algorithms
included Random, Entropy [41], and Prototype [30]. The Random method randomly selects
old exemplars from the old data. The Prototype approach selects the signal samples whose
feature vectors are close to the average feature vector of its own category. All experiments
were performed five times and the average was taken as the final result.

Table 5 shows the comparative experimental results of the class exemplar selection
methods on the RML2016.04c data set. It can be seen that the proposed CES-MOLPC
achieved the highest classification accuracy. The Entropy exemplar selection method
performed better than the Prototype method. Both Old OA and Total OA of the Random
method outperformed the other two methods, and were only slightly behind those of our
method. The New OA of these methods was low, mainly as the old classes contained
similar categories to the new classes. Table 6 lists the comparative experimental results of
class exemplar selection methods on the ACARS data set. We can see that the presented
method achieved the highest classification accuracy in all three indicators (i.e., Old OA,
New OA, and Total OA). As the Prototype method only considers representativeness when
selecting samples but ignores the distinction between classes, the Old OA of this method
was not as good as that of the Entropy and Random methods.

Table 5. Comparison of class exemplar selection methods on the RML2016.04c data set (T = 2).

Method Old OA New OA Total OA
Entropy 93.71 87.73 92.92
Random 93.11 88.49 91.68
Prototype 90.19 88.12 89.38
CES-MOLPC 95.49 89.58 93.91

Table 6. Comparison of class exemplar selection methods on the ACARS data set (T = 2).

Method 0Old OA New OA Total OA
Entropy 94.13 93.29 93.78
Random 94.02 93.63 93.98
Prototype 92.10 94.10 92.84

CES-MOLPC 95.81 96.82 95.82
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Figure 3. The Total OA of multiple incremental classification on the RML2016.04c data set (T = 1).

Aczmmzrgre e iy B e A-- A
— k- -
-%
90
80
o«
<
o
s70
o
= O._.
60 i o
A CES-MOLPC
BIC e
501 ICARL
WA

12 13 14 15 16 17 18 19 20
Observed Class

Figure 4. The Total OA of multiple incremental classification on the ACARS data set (T = 2).

4. Discussion

In terms of computational complexity, the proposed algorithms mainly included multi-
objective linear programming, adaptive class example selection, and incremental learning.
The interior-point method was used to solve linear programming problems, such that the
time complexity was O(n°L?). During the process of adaptive class exemplar selection,
the normalized mutual information of each sample and the Euclidean distance between
each sample and its class feature center had to be computed, and so its computational
complexity was O(n) + O(n?). During the process of incremental learning, the deep model
was fine-tuned. Therefore, we introduce the concept of floating point operations (FLOPs)
to illustrate the computational complexity. The FLOPs of the model corresponding to the
RML2016.04c data set were 1.28 M, while the FLOPs of the model corresponding to the
ACARS data set were 2.83 M.

To further illustrate the computational complexity of the proposed method, we per-
formed a comparative experiment considering the runtime of the algorithm, setting T = 2



Remote Sens. 2022, 14, 1177

16 of 19

on both the RML2016.04c data set and the ACARS data set. Tables 7 and 8 show the running
times of the proposed method and other comparable methods for learning new classes. We
can see that the running time of the proposed CES-MOLPC was much shorter than those of
the other methods. The proposed method, CES-MOLPC, took only 1.64 min to complete
learning of a new class on the RML2016.04c data set; however, that on the ACARS data set
took a longer time, due to the high dimensionality of the data. Taken together, the other
methods took more than three times as much time as the proposed method, CES-MOLPC.

From the experimental results shown in Tables 3 and 4, the proposed method showed
good generalization performance for the public data set RML2016.04c, as well as for the
signal data set ACARS recorded in a real environment. The Total OA corresponding to
the proposed method surpassed that of other comparison methods; however, the New OA
and Old OA values were different. In fact, as the distillation loss was used to fine-tune the
model, it was difficult for New OA and Old OA to reach a relatively balanced condition
simultaneously. We privately performed a more extreme experiment, in order to adjust
the ratio of cross-entropy loss and distillation loss. When the cross-entropy loss was much
larger than the distillation loss, the resulting New OA was higher and the Old OA was
lower. Meanwhile, if the distillation loss was much greater than the cross-entropy loss, then
New OA would be higher and Old OA would be lower. In the WA method, it was assumed
that the L2-norms of the weight vectors of the classifiers corresponding to the new and old
classes were different, such that the weight alignment method was used to balance the new
and old classes, for which distillation loss was also used. However, in the experimental
results, the Old OA corresponding to the WA method was almost 0 in any case and, so, this
method is not suitable for the problem considered in this paper. Therefore, the advantages
of the proposed method can be seen from the experimental results. In incremental learning,
both the Old OA and the New OA must be considered. Taken together, the proposed
method outperformed the comparison methods. The common feature of the BIC, ICARL,
and WA methods was that they all used the Prototype exemplar selection method. From
Tables 5 and 6, it can be seen that the adaptive sample selection method based on normalized
mutual information proposed in this paper had better performance than other exemplar
selection methods. This indicates that the proposed exemplar selection method can select
more valuable samples from the old categories. The results shown in Figures 3 and 4
demonstrate that the proposed method outperformed the other methods, regardless of how
many new classes were learned.

Table 7. Algorithm running time comparison on RML2016.04c data set (T = 2).

Method ICARL BIC WA CES-MOLPC
Time (min) 5.67 6.76 5.86 1.64

Table 8. Algorithm running time comparison on ACARS data set (T = 2).

Method ICARL BIC WA CES-MOLPC
Time (min) 56.88 59.29 57.94 16.73

In all of the experiments conducted in this paper, the total exemplar size K of the
old classes was set to a fixed value of 200, which is relatively small, compared to the
total number of training samples. This allows the proposed algorithm to guarantee its
robustness under small sample conditions. However, in a real-world ESC application, when
the number of classes for which the model has learned exceeds 200, the number of samples
stored in each previous class is less than 1. At this point, the value of K must be increased,
in order to make the algorithm suitable for the learning of new classes. Obviously, the
larger the value of K, the more training samples are retained from each old class, and the
classification accuracy of the model after incremental learning will be higher. When the
value of K exceeds the sum of all training samples of all old classes, the trained model
reaches the upper bound of performance. Assuming that only one sample is reserved for
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each category as the exemplar of the category, it may be difficult for this sample to represent
the feature distribution of the whole category. In this case, if there are too many training
samples in the new class, there will be an extreme imbalance between the old and new
classes. This will result in the New OA being significantly higher than Old OA; however,
the distillation loss may offset the effects of the imbalance between old and new classes. A
key problem researchers face in incremental learning tasks is catastrophic forgetting, and so
the metric researchers should pay more attention to is Old OA. In practical applications, the
signals that we are interested in may belong to a new class or an old class. Therefore, New
OA and Old OA should be considered equally important. If the model can both recognize
the new classes and store the data features of the old classes only by learning the new
class without storing samples from the old classes, it will not be constrained by memory
resources. Another feasible idea is to retain the key features of the previous categories, then
replay them when learning new classes. This can save memory, compared to storing the
training samples directly.

5. Conclusions

In this paper, the CES-MOLPC method was proposed in order to learn new categories
from a continuous data stream. This approach is capable of handling multiple new cate-
gories of electromagnetic signals. The class exemplars of the old categories are selected
based on the normalized mutual information, and we obtain the classifier weights of the
new categories by solving the MOLP problem.

To demonstrate the effectiveness of our proposed ESC framework CES-MOLPC, we
conducted several comparative experiments on the public RML2016.04c data set and the
large-scale ACARS data set. The experimental results demonstrated that our approach
performs better than other representative incremental learning approaches under lim-
ited memory conditions. The proposed CES-MOLPC was able to converge quickly and
achieved the highest Total OA. To illustrate the power of proposed class exemplar selection
method, we compared our method with different exemplar selection methods. Extensive
experiments revealed that our approach has the highest accuracy.

As the number of various applications using electromagnetic signals keeps increasing
and new signal categories keep appearing, the associated deep learning algorithms need to
be able to handle new signal categories while maintaining their capabilities on old ones.
In this work, a more realistic problem is considered, and the proposed method provides a
new idea to address the problems pertaining to electromagnetic signal classification. At the
same time, it also provides a solution to the problem of incremental learning. However,
a limitation is that it is difficult to balance the performance of the model on new and old
classes. In future research, the class exemplar selection method deserves further exploration.
Very few key samples may be needed to reconstruct the distribution of the entire training
data set.
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